The curve used until recently by the International Commission for the Conservation of Atlantic Tunas (ICCAT) to represent the growth of western Atlantic bluefin tuna, Thunnus thynnus, was estimated using tagging information and modal sizes that corresponded primarily to very young fish (ages 1-3, primarily). The estimated maximum average size from this curve is very large (382 cm), which could be a result of the scarcity of large bluefin in the data used. Recently, scientists have developed techniques for reading ages from bluefin ear bones (otoliths); the accuracy of the age readings has been validated with bomb radiocarbon dating. These age readings are primarily for large bluefin (ages 5 and older), and indicate slower growth and older ages than was previously assumed. However, an analysis of these data resulted in growth curves that predicted very small mean sizes for the youngest age group, which could be a result of the lack of small fish in the data used. In this study, we combine the otolith-based age readings with the size frequency distributions of small (ages 1-3) bluefin caught by purse seiners in the 1970s where the age groups are distinctly statistically as well as visible to the eye. We analyzed the two datasets jointly using a maximum likelihood approach and assumed that variability in length-at-age increases with age. The resulting growth curve predicts sizes at young and old ages that are very consistent with observed data such as the maximum sizes observed in the catch and the modal sizes for very young bluefin. The resulting curve is also very similar to the curve used by ICCAT for eastern Atlantic and Mediterranean bluefin.
Introduction
The Atlantic bluefin tuna (Thunnus thynnus) is the largest tuna species with a wide spatial distribution and transatlantic migratory behavior. It is one of the most highly-valued marine fish and as a consequence it has been under great fishing pressure. The Atlantic bluefin tuna stock is assessed and managed by the International Commission for the Conservation of Atlantic Tunas (ICCAT) under a two-management unit/stock scenarios (western Atlantic and Eastern Atlantic-Mediterranean units). The last published assessment conducted by ICCAT in 2008 indicated that both stocks are currently overfished and undergoing overfishing (Anonymous 2009). As the result of the depleted condition of these stocks, accurate assessments a Corresponding author: vrestrepo@iss-foundation.org and projections of future stock status are of high importance. Although a rebuilding plan for the western stock has been in place since 1998, the stock has shown little signs of recovery. During the last assessment of the western stock, ICCAT scientists identified the growth of this species as one of the three major sources of uncertainty associated with the assessment results (Anonymous 2009). Furthermore, Porch et al. (2008) showed that the results of the virtual population analysis for the western stock were tentatively sensitive to the use of an alternative bluefin tuna growth curve developed by .
The current western Atlantic bluefin tuna growth function adopted by ICCAT was developed by Turner and Restrepo (1994) using age-length information derived from tagging and modal analyses with the majority of the samples corresponding to fish in the age range 1-3 years. Recently, Secor et al. (2008) 336 V.R. Restrepo et al.: Aquat. Living Resour. 23, 335-342 (2010) Turner and Restrepo (1994) , , and Neilson and Campana (2008 (2008) and Neilson and Campana (2008) developed growth curves for the western stock of North Atlantic bluefin tuna using age data derived from otolith readings of mostly larger fish. Their analyses call into question some of the parameter estimates obtained by Turner and Restrepo (1994) , especially the asymptotic length (L ∞ ), which is considerably larger than that estimated by and Neilson and Campana (2008) (Table 1) . On the other hand, the growth curves estimated by the latter authors are based on mostly large bluefin, and they do not predict accurately the observed size distributions of age 1-3 fish (see Anonymous 2009).
The problem of multiple growth curves becomes problematic for assessments that rely heavily upon an assumed growth function. This is particularly true when different data types are used to estimate different growth curves. Typically growth curves are estimated from hard parts for which annual increments can be identified, length increments derived from tagrecapture studies (Fabens 1965) or modal progression where the growth of identifiable cohorts can be followed (Macdonald and Pitcher 1979) . Generally, each of the methods obtain data from fishery dependent sources, from which it may be difficult to obtain representative samples from the entire age range of the population and samples unaffected by processes of fishery selectivity. Furthermore, each of these methods has specific peculiarities or biases which may complicate comparison of growth curves obtained from different data source. One potential solution for reconciling differences in growth curves obtained from different information sources is to construct integrated models that use each piece of information in a combined likelihood (Eveson et al. 2004) . Operating under the hypothesis that each data set provides valuable, and perhaps unique, information on the overall growth pattern, such integrated models may provide a holistic view of growth.
In this paper, we attempt to reconcile the differences between different growth models by estimating a combined growth curve for western Atlantic bluefin tuna using both direct age-length observations from otoliths and modal progression data. When combined, the two datasets cover most of the size range observed for this species.
Materials and methods
We used two types of data to estimate a western Atlantic bluefin tuna growth curve, as follows:
• Data Type 1: Age-length observations derived from otolith readings of bluefin tuna. Two data sets were used: those from of confirmed western origin (n = 121), and those of Neilson and Campana (2008) (n = 25). Both studies used the same approach for reading the ages. Neilson and Campana (2008) used data on deposition of bomb radiocarbon to validate the ages, and thus confirm the accuracy of the ageing method. Details on the ageing and sampling methods used are described in those articles. However, the coauthors of noted the possibility of a small under-ageing bias in the older fish sampled (>10 years), but this should have a very small effect, if any, on the analyses presented here.
• Data Type 2: Annual catch-at-size data (40 cm < FL < 110 cm) available from ICCAT from purse seine fisheries for the years 1970-1976. These years and size ranges were chosen because the size frequency distributions for ages 1 to 3 are visibly distinct. At that time, purse seine fisheries operating off North America targeted small bluefin tuna. Details on how the catch-at-size data were assembled are available from Miyake (1985) .
Unlike Turner and Restrepo (1994) , we did not use tagging data. The main reason for this is that the age-length data described above are validated scientific observations, while the tagging data were usually obtained in opportunistic campaigns and are of unknown quality. The age-length data only recently became available, which provided the impetus for the current study.
All lengths correspond to straight fork length. The growth parameters of the von Bertalanffy function were estimated using a joint likelihood function combining both data types as explained below. Individual variability in length-at-age was assumed based on the method suggested by Kirkwood and Somers (1984) which assumes that the asymptotic size is variable (see also Hampton 1991) .
Length-age observations
The age-length data were fitted assuming that length-at age is normally-distributed, with the variance increasing as a function of size. The negative log-likelihood for these observations is:
where the predicted length for each observation is given by the von Bertalanffy growth function with parameters, k and t 0 :
and the variance for each observation is given by:
The maximum likelihood estimate of the parameters L ∞ , k and t 0 and σ Turner and Restrepo (1994) used catch-at-size data from the 1970s where the modal lengths for the youngest ages were visible. In this study we used essentially the same data but incorporated it more fully into the maximum likelihood estimation by using all of the data, and not just the modal lengths-atage. Visual examination of the annual catch-at-size data from purse seine fisheries showed that three age groups were evident in the size range 40 cm to 110 cm in the years 1970-1976. After 1976, the three age groups were no longer obvious, as a result of the shifting of the purse seine fisheries to target larger bluefin.
Length frequency observations
The catch-at-size data for each year were reduced in proportion to the total in that year, with the maximum (for 1970) being set arbitrarily at 200 observations. This was done so that the number of observations (on the order of 10 5 in the original catch-at-size data) would not have an overwhelming weight in the likelihood function. The resulting length frequencies are shown in Table 2 .
The length frequency data were assumed to follow a multinomial distribution. The negative log-likelihood for these observations is (Quinn and Deriso 1999) :
F y j = observed length frequency for year y and size j, F y j = predicted length frequency for year y and size j. The predicted length frequencies in a given year are calculated on the basis of the length-at-age distributions for ages (a) 1-3 (which are calculated from the parameters L ∞ , k and t 0 and σ 2 L∞ ) and the proportions of fish of ages 1-3 each year. For a given year,
n y = total number of fish in the length frequency in year y, θ ay = estimated proportion of fish of age a in year y, and f a j = probability density function (PDF) of length j for each age group, a. The probability density function is calculated as:
Parameter estimation
A total of 25 parameters were estimated (L ∞ , k and t 0 , σ 2 L∞ and 21 proportions, θ ay ) by minimizing the joint negative loglikelihood function:
The minimization was done with the software AD Model Builder (http://admb-project.org/) which is particularly well Fig. 1 . Observed length-age observations used in this study (circles), and the estimated growth curve (solid line) with 95% confidence intervals for the length-at-age distributions (dashed lines).
suited for nonlinear estimation problems that involve many parameters.
A penalty term, P y , for each year was added to the joint negative log-likelihood as suggested by Quinn and Deriso (1999) to ensure that the age proportions in a given year added up to 1.0:
Results and discussion
Estimates of the parameters obtained in this study are presented in Table 3 . The mean lengths and weights at age predicted from these parameters are given in Table 4 .
The fit to the length-age observations is shown in Figure 1 . Some of the oldest fish (age 30 or older) have sizes that fall below the predicted curve and this gives the impression of a biased fit. However, note that there are multiple observations in the 10-15 year age range that are of larger size than those corresponding to the older fish. Thus, the fit appears to be adequate. Nevertheless, the possibility of a potential sampling bias that affects the oldest fish differently cannot be ruled out.
The fits to the length-frequency data are shown in Figure 2 . For some years the fitted length distributions miss the central tendency of the observed length distributions for some age groups (e.g., age 3 in 1971 and 1973) . This could be due to a number of different factors such as changes in the timing of the purse seine fisheries between years, or changes in selectivity. Nonetheless, the overall fit to the data as assessed from the aggregated distributions seems adequate.
The standard errors of the estimated von Bertalanffy parameters are given in Table 3 . The estimates are rather precise, with coefficients of variation ranging between 1.8% and 3.1%. Figure 3 presents likelihood profiles for L ∞ , k and t 0 , with approximate 95% confidence intervals.
The predicted length-at-age distributions can be obtained from Eqs. (6) to (8). These are shown in Figure 4 . According to these predictions, only the first three (or four) age groups can be distinguished from each other, which coincides with what is observed from the catch-at-size data. Thereafter, as the mean lengths get closer to the asymptotic size and the variance of the distributions increases, it becomes progressively more difficult to distinguish age groups. This may have important implications in stock assessment applications in terms of setting the oldest age that is modeled explicitly (known as the "plus group").
ICCAT currently uses a method called "age-slicing" to convert catch-at-size data into a catch-at-age matrix. Age slicing is a deterministic approach that tends to smear year class effects (Lassen 1988) . The length-at-age distributions as estimated in this study could be used as a substitute approach that would take variability into account. For a given dataset (e.g. a year's size frequency distribution) the approach would consist of estimating the proportions at age, θ a , conditional on the estimates of L ∞ , k and t 0 and σ related probabilistic approach to assigning ages from length frequencies has been proposed by Goodyear (1996) . Figure 5 shows the largest sizes of bluefin tuna caught, as reported to ICCAT, in the period 1970 ICCAT, in the period -2007 with the values of L ∞ estimated in this and previous studies. If L ∞ is taken as the largest size that fish achieve on average (as opposed to the largest size that fish will ever achieve in theory), a comparison between maximum observed sizes and asymptotic length estimates can be used as a "reality check". Of course, this comparison assumes that the largest fish are available to fishing and that they have not disappeared from the population for causes such as overfishing. The figure shows that the estimated L ∞ from this study matches the observed maximum sizes quite well. On the other hand, the L ∞ value from Turner and Restrepo (1994) is above all observed maximum sizes, and the values from and Neilson and Campana (2008) are below.
The growth curve used by ICCAT for the stock in the eastern Atlantic and Mediterranean, estimated by Cort (1991) , differs considerably from that used for the western stock (Turner and Restrepo 1994) . The difference between the two growth curves is difficult to reconcile in light of the behavior of bluefin from both stocks which includes considerable mixing. Figure 6 compares the two growth curves adopted by ICCAT and the growth curve estimated in this study. This latter curve is much closer to the Cort (1991) curve for the eastern stock than it is Turner and Restrepo (1994) , , Neilson and Campana (2008) and from the present study. Also shown is the curve for eastern Atlantic and Mediterranean bluefin from Cort (1991) . E: eastern Atlantic, W: western Atlantic.
to the Turner and Restrepo (1994) curve for the western stock. The curves from Neilson and Campana (2008) and estimated for the West are also shown in Figure 6 . They predict very small mean sizes for the youngest ages.
There is increasing interest in assessing the two stocks of Atlantic bluefin with models that incorporate mixing explicitly. Understanding differences in productivity between the two stocks becomes of immediate concern in such situations. If the two growth patterns are similar as suggested in this study, then the productivity of the two stocks should be more similar than it is currently thought. On the other hand, disparate methodologies were used to estimate growth curves (eastern Atlantic and Mediterranean stock bluefin tuna ages were determined based upon annuli in fin spine cross-sections, an unvalidated method) so definitive comparisons between growth rates remain uncertain.
We conclude that the growth curve for western Atlantic bluefin tuna presented in this study is an improvement over the estimate of Turner and Restrepo (1994) , based on three main reasons: a. Turner and Restrepo (1994) used primarily tagging data that were subject to several sources of uncertainty. In many cases the data were not obtained in scientific campaigns. The initial sizes were not always measured and there were often doubts about reported lengths (fork length vs. total length). Moreover, most of the sizes of recaptured fish were estimates provided by fishermen operating in field conditions, and the accuracy and precision of such data are unknown. The primary source of information in the present study was age-length observations made by trained scientists and using a validated technique. b. Over 95% of the tagging data in Turner and Restrepo (1994) were for fish whose initial size was between 50 and 100 cm, and the modal lengths used in their analysis were also within this size range. The present study included fish ranging from 40 cm to 110 cm (length frequency data), and from 117 cm to 293 cm (age-length readings), thus covering a much broader range of sizes. c. Turner and Restrepo (1994) incorporated the length frequency information into the estimation procedure only partially, by including the modal lengths at age into the 342 V.R. Restrepo et al.: Aquat. Living Resour. 23, 335-342 (2010) objective function. In this study, we incorporated the observed size-frequency distributions more fully into the maximum likelihood estimation procedure.
In addition, we believe that the curves estimated by and Neilson and Campana (2008) suffer from a limitation similar to (a) and (b), above, in that their samples were limited to a restricted range of sizes (medium and larger fish). The resulting curves do not follow closely the observed size distributions for young bluefin.
Ages included in the current study included year-classes that were formed as early as during the 1950s, and it is not clear if growth rates observed in the older samples reflect the more contemporary situation. For example, Hearn and Polacheck (2003) observed that growth rates of the congeneric southern bluefin tuna (T. maccoyii) vary on decadal scales. Those authors considered that such variation may be a densitydependent response, with faster recent growth rates possibly reflecting a response of the depleted population. Given that Atlantic bluefin tuna have also experienced a significant reduction in population size (Anon. 2009) over the period encompassed by our samples, changes in growth rate might be expected if T. thynnus show similar density-dependent responses. An investigation of this possible effect on Atlantic bluefin tuna growth rates would be a logical extension of our work.
There are other possible extensions to our work that were not addressed in the current study, such as assuming different growth functions, or modeling variability in length-at-age with a different approach. We did not investigate these, as our study was primarily to revise the (Turner and Restrepo 1994) growth curve being used in stock assessments of Atlantic bluefin tuna in light of the new age information that became available in recent studies.
Growth is one of the life history characteristics that can be most influential in the evaluation of stock productivity, and hence in the evaluation of stock status. Our study is limited to estimating a new growth curve for western Atlantic bluefin that we believe is an improvement over the growth curve that has been used in ICCAT assessments for the last 15 years. We have not evaluated the impact of using this new curve in stock assessments, although it is reasonable to expect that such a change in the asymptotic size will have a large influence. At the same time, there are other related life-history parameters that will have a bearing on stock assessment. For example, the maturity-at-age ogive could change simply as a result of adopting a new growth curve. Such an analysis is beyond the scope of this study, but is clearly something that stock assessment scientists should take into account.
